Chemically induced mouse skin carcinogenesis represents the most extensively utilized animal model to unravel the multistage nature of tumour development and to design novel therapeutic concepts of human epithelial neoplasia. We combined this tumour model with comprehensive gene expression analysis and could identify a large set of novel tumour-associated genes that have not been associated with epithelial skin cancer development yet. Expression data of selected genes were confirmed by semiquantitative and quantitative RT-PCR as well as in situ hybridization and immunofluorescence analysis on mouse tumour sections. Enhanced expression of genes identified in our screen was also demonstrated in mouse keratinocyte cell lines that form tumours in vivo. Self-organizing map clustering was performed to identify different kinetics of gene expression and coregulation during skin cancer progression. Detailed analysis of differential expressed genes according to their functional annotation confirmed the involvement of several biological processes, such as regulation of cell cycle, apoptosis, extracellular proteolysis and cell adhesion, during skin malignancy. Finally, we detected high transcript levels of ANXA1, LCN2 and S100A8 as well as reduced levels for NDR2 protein in human skin tumour specimens demonstrating that tumourassociated genes identified in the chemically induced tumour model might be of great relevance for the understanding of human epithelial malignancies as well.
Introduction
Nonmelanoma skin cancer, such as basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) is the most common malignancy in the Caucasian population (Dooley et al., 2003) . Both subtypes occur primarily on sun-exposed areas of the body and have been strongly associated with chronic sun exposure (Bowden, 2004) . SCC as a solid tumour is composed of transformed epidermal keratinocytes with a highly invasive growth and tendency to metastasize. The cytogenetic pattern of cutaneous SCC is irrespective of the initiating event (tobacco, coal, UV) and very similar to SCC at other anatomic sites like head and neck SCC, suggesting that common pathways may play an important role in development of different types of SCC. It was demonstrated by in vitro and in vivo model systems that malignant transformation of epidermal cells is a multistage process, in which stepwise accumulation of genetic and epigenetic events determines the transition from normal to malignant cellular state. However, the onset and the order of genetic alterations that lead to development of most sporadic cancers remain undefined.
For the past half century, mouse skin carcinogenesis has been an important tool for developing the current concepts regarding human neoplasia and the multistage nature of tumour development (Lu et al., 2001) . In recent years, it was demonstrated, that some types of mutation in oncogenes and tumour suppressor genes identified in mouse skin models also occur in human epithelial cancers. One of the best-defined experimental in vivo systems for epithelial cancer development is the chemically induced tumour model of mouse back skin (Marks and Furstenberger, 1990; DiGiovanni, 1992; Yuspa, 1998) . Here, treatment of the skin with the carcinogen 7,12-dimethylbenz-[a]-anthracene (DMBA) and the tumour promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) results in the formation of benign papillomas (PAPs) and malignant tumours (SCCs). Using the model of chemical-induced skin carcinogenesis, the timing of genetic and chromosomal alterations that take place during the different stages of tumour development can be studied (DiGiovanni, 1992; Yuspa, 1998) . Recently, we have identified TPA-inducible genes in mouse back skin using suppression subtractive hybridization and gene expression profiling (Breitenbach et al., 2001; Gebhardt et al., 2002 Gebhardt et al., , 2005 Schlingemann et al., 2003) . Some of the identified TPA-inducible genes also revealed an enhanced expression in advanced tumour stages, suggesting a potential contribution to tumour progression and metastasis. Comprehensive and systematic high-throughput comparison of gene expression profiles has not been possible until the advent of functional genomics. cDNA microarrays are an ideal approach for systematic comparison, because they simultaneously measure the expression of a large number of genes. They have been increasingly used to identify biomarkers of tissues and potential molecular targets for anticancer therapy (Clarke et al., 2001) . Although there are many reports on the expression profiling of head and neck, oesophageal, oral or cutaneous SCC, none has compared the alteration of the network of tumour-associated genes in the process of cancer development. In this study, we analysed specimens of short-term TPA-treated back skin as well as benign and malignant tumours derived from the chemical-induced carcinogenesis model using two independent cDNA microarrays. The combination of chemical-induced carcinogenesis and global gene expression profiling revealed differential expression of numerous genes with well-known deregulation during epithelial tumorigenesis as well as a large set of cDNAs representing known and unknown genes that have not yet been described in the context of epithelial tumour development. Functional annotation allowed classification of these genes according to their association with critical tumour-associated processes, such as cell cycle regulation, apoptosis, tissue remodelling and cell adhesion, during mouse and human skin malignancy.
Results

Identification of differentially expressed genes during multistage skin carcinogenesis
In an effort to identify novel genes that are expressed during the establishment and progression of epithelial cancer, we combined the in vivo model of chemicalinduced skin cancer with comprehensive gene expression profiling. Pools of mRNA samples derived from TPAtreated back skin, benign (PAP), or malignant (SCC) skin tumours were hybridized together with mRNA from skin of age-matched controls on two independent sets of cDNA microarrays -the 20k ArrayTAGt (LION Bioscience) and the 15k NIA (National Institute of Aging) chip (Supplementary Figure 1 ; see Materials and methods for details). In order to correct for dyespecific labelling and fluorescence intensity, each sample was analysed in colour switch experiments where the assignment of fluorochromes was reversed. Additionally, all samples were evaluated in an independent replica experiment. Finally, the data from all experiments were integrated and only those data were considered that revealed a significant differential expression (corresponding to a onefold change on a ln scale or a 2.71-fold change on a linear scale) and were confirmed in repetitive experiments. To demonstrate the quality and reproducibility of our data, we initially compared differential expression of genes present on both cDNA microarrays. For annotated genes, which revealed a significant altered expression in SCC, we could illustrate a high correlation (R 2 ¼ 0.78) between the ratios derived from the microarray of the NIA and the ArrayTAGt microarray (Supplementary Figure 2) . Similar correlations between both arrays were also observed for expression in TPA-treated back skin and PAP (data not shown). The small number of genes with opposite regulation on individual chips was not considered for further analysis. After filtering and normalization, we identified a total of 6543 expressed, nonredundant annotated cDNA clones with 1495 present on both arrays. From the 6543 genes 1426 showed a significantly altered gene expression (greater than 2.71-fold) in at least one of the three analysed conditions and out of this list genes with the strongest up-or downregulation in benign or malignant tumours were listed in Table 1 . cDNA clones present on the two types of cDNA microarrays together with the differentially expressed genes in each stage are available as supplementary data at http://www.dkfz.de/molgen/div/ hummerich.
Independent validation of microarray data
Differential expression of selected genes present on the ArrayTAGt, the NIA, or both arrays was confirmed by semiquantitative reverse transcription PCR (RT-PCR, Figure 1a and Supplementary Figure 3) and altered mRNA levels in SCC were approved for Stmn1 (6.7-fold repressed), Ecm1, Crabp2 and Tnrfs12a (5.6-, 3.6-and 3.2-fold induced, respectively) by real-time quantitative reverse transcription PCR (RQ-PCR). To proof for a positive correlation between elevated expression and neoplastic transformation of keratinocytes, we used a collection of mouse keratinocyte cell lines that differ in their tumorigenesis after subcutaneous injection in nude mice. Corresponding to high expression in advanced tumour samples, eight selected genes (Lcn2, Fosl1, Adam8, Anxa1, Nr6a1, 2210418J09Rik, 4930579A11Rik and 56303400A09Rik) revealed a significant upregulation in established cell lines characterized by a benign or malignant phenotype compared to nontumorigenic cell lines (Figure 1b) .
Finally, we performed in situ hybridization (ISH) analysis on tissue sections derived from chemicalinduced tumours, in order to determine the cellular compartments that abundantly express the mRNA of selected genes. Expression of known genes, such as Anxa1, Lcn2 and Tnfrsf12a, but also of the unknown gene 2210418J09Rik could be observed in neoplastic keratinocytes of both PAP and SCC (Figure 2 ). In contrast, expression was significantly weaker or even below the level of detection in stromal tissue or areas of 'normal' skin adjacent to the tumour tissue (data not Tumour-associated genes in cutaneous SCC development L Hummerich et al Tumour-associated genes in cutaneous SCC development L Hummerich et al shown). Moreover, we could confirm loss of expression in benign and malignant tumours for downregulated genes, such as Ndr2 and S100a3, which were both expressed in keratinocytes of normal skin (NS) (Figure 3 ; data not shown).
Clustering analysis and functional classification of coexpressed genes
The set of genes with altered expression (>2.8-fold) was used for self-organizing map (SOM) analysis to illustrate coregulation of genes in different stages of tumour development (Tamayo et al., 1999; Li and Johnson, 2002) . We used a 4 Â 3 matrix resulting in 12 characteristic profiles (Figure 4 ; supplementary data at http:// www.dkfz.de/molgen/div/hummerich) with clusters 1.1-4 and 2.2-4 exhibiting repressed genes, whereas clusters 2.1 and 3.1-4 represent upregulated genes. Profiles of coexpressed genes could be further subdivided in (i) clusters with constant up-or downregulation in all analysed conditions (clusters 1.3, 1.4 4) and SCC (lane 6) together with control skin of age-and sex-matched animals (lanes 1, 3 and 5). The expression of these genes is illustrated that are constitutively upregulated (Lcn2, Fosl1, Adam8, Anxa1 and 2210418J09Rik), downregulated in advanced tumour stages (Gsn, Ndr2 and Fhl1) or specifically upregulated in distinct stages of tumourigenesis (Nr6a1, 4930579A11Rik and 56303400A09Rik). Tubb5 served as a control for cDNA quality and quantity.
(b) Expression of tumour-associated genes in keratinocyte cell lines was measured by RT-PCR with RNA of nontumorigenic keratinocyte cell lines (lanes 1-2), cells forming benign (lanes 3-4) or malignant (lanes 5-9) tumours in vivo demonstrating a positive correlation between enhanced expression of Lcn2, Fosl1, Adam8, Anxa1, Nr6a1, 2210418J09Rik, 4930579A11Rik and 56303400A09Rik in neoplastic transformation. Tubb5 served as control for cDNA quality and quantity.
Tumour-associated genes in cutaneous SCC development L Hummerich et al and 3.1), (ii) clusters with altered expression only in short-term TPA treatment or benign tumours (clusters 2.1, 2.3, 2.4 and 3.3), (iii) clusters with TPA-independent expression and decreased expression in benign and malignant tumours (clusters 1.1, 1.2 and 2.2) and (iv) clusters with increased expression during tumour progression (clusters 3.2 and 3.4). In order to elucidate biological processes that significantly correlate with epidermal malignancy, we analysed our sets of genes with altered expression in TPA-treated skin, PAP or SCC according to their functional annotation using the EASE software package (Table 2) . These data were compared with functional categories obtained with the SOM cluster data sets. As expected, TPA-induced genes could be classified into defence, immune, stress and wound response accompanied by genes linked to regulation of signalling cascades. Most of the TPA-induced genes in these categories were only transiently elevated and, therefore, could be found in cluster 2.1. For genes with enhanced expression in benign tumours, we observed a significant enrichment of genes in the categories of apoptosis induction and regulation together with processes of catabolism. In contrast, some of the repressed genes belong to categories of fatty acid metabolism and energy reserve metabolism suggesting a major change in energy pathways at this stage of tumour development. Whereas, significant changes in apoptosis regulation were specifically detected in PAPs (cluster 3.3), alterations in catabolism and metabolism persist and were also present in malignant tumours. Our data also confirm the crucial role of cell cycle activation, extracellular proteolysis and integrin-mediated signalling pathways for multistage skin malignancy, particularly with regard to malignant progression (cluster 3.2). S-labelled antisense riboprobes derived from specific cDNA-fragments of Anxa1 (e and i), Lcn2 (f and j), Tnfrsf12a (g and k) and 2210418J09Rik (h and l). Following counterstaining with eosin and haematoxylin, pictures were photographed under bright field conditions. All investigated genes exhibit expression in neoplastic keratinocytes of papillomas (e-h) and SCCs (i-l), which is illustrated by a black signal.
35 S-labelled sense riboprobes served as control for specificity (a-d). Scale bar ¼ 50 mm.
Figure 3 Impaired expression of Ndr2 protein in mouse skin tumours. Reduced Ndr2 protein level was confirmed in mouse skin carcinogenesis by immunofluorescence analysis. Ndr2 protein was detectable in keratinocytes of normal skin (a, red signal), but not in SCC (b) or normal skin incubated without the anti-Ndr2-specific antibody (c). H33342 was used for nuclear staining (blue signal). Scale bar ¼ 50 mm.
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Expression of novel tumour-associated genes in human epithelial skin tumours Finally, we asked whether principles of altered gene expression identified in the mouse model could be applied to the process of human skin carcinogenesis. Therefore, expression of selected tumour-associated genes was measured by ISH on tissue sections of human skin tumour specimen. In agreement with enhanced levels in the chemical-induced mouse tumours, strong expression of ANXA1, LCN2 and S100A8 mRNA was observed in neoplastic keratinocytes within the tumour tissue but not in 'normal' skin adjacent to the tumour area ( Figure 5) . We could also demonstrate loss of NDR2 protein expression in SCC compared to NS (Figure 6 ), which is in line with the observed downregulation in chemical-induced tumours of mouse back skin.
Discussion
The objective of this study was to define characteristic changes in global gene expression associated with epithelial tumour development. Although alterations in gene expression in the course of tumour promotion and progression have been considered to be critical for carcinogenesis in human, its significance could not be documented directly from human cancers but relied on animal systems, such as the mouse skin model of chemically induced multistage carcinogenesis (Ito et al., 1995) . Here, we have employed this wellestablished experimental animal model and large-scale gene expression profiling to identify novel tumourassociated genes. It is well known that different types of genetic alterations can occur during multistage carcinogenesis and that these variations together with epigenetic changes are the main cause for differential expression of tumour-associated genes. Since our aim was the identification of the most common genes with altered levels in the defined stages of tumour development, we pooled for our study a multitude of individual samples to have a valid average over the heterogeneity in genetic changes. Although our strategy is limited by the fact that similar changes for differentially expressed genes could represent independent events in distinct tumours, this limitation does not take away the potential Tumour-associated genes in cutaneous SCC development L Hummerich et al importance of the identified genes for the process of tumour promotion and progression. The combination of the mouse tumour model and global gene expression analysis, together with stringent statistical and data filtering criteria, resulted in a comprehensive list of differentially expressed genes. In addition to the identification of genes (e.g., several cytokeratins as well as members of the MMP and Response to stress B2m, Serping1, C1qa, C3, C4, Gpx3, Gtf2h4, Hp, Recql5, Serpina1e, Ube2a, Hspb7, Txnip Defense and immune responseintegrin families) that are known to be differentially expressed and functionally correlated to epidermal cancer development (Rundhaug et al., 1997; Egeblad and Werb, 2002; Kerkela and Saarialho-Kere, 2003) , several experimental settings demonstrated the power of our microarray approach. First of all, RNA of specimens were applied on two independent cDNA microarrays resulting in similar expression data in the great majority of genes present on both chips. Moreover, semiquantitative and real-time PCR as well as ISH and immunofluorescence analysis for selected genes were described in this study, but also in previous manuscripts, confirming differential expression (Gebhardt et al., 2002; Schlingemann et al., 2003) . In accordance with our initial goal to identify novel tumour-associated genes, our list comprises known genes and unknown EST and Riken clones with altered mRNA patterns that have not been correlated to epidermal tumour development so far. These candidates provide a valuable source for further functional investigations to increase our knowledge on the principles of neoplastic transformation of epithelial tissues. In fact, we found elevated mRNA levels for some upregulated genes in mouse keratinocyte cell lines known to form benign or malignant tumours in nude mice, but not in nontumorigenic counterparts, supporting the idea that they might Figure 5 Induced expression of tumour-associated genes in human skin tumours. In situ hybridization on human SCCs was performed for the expression of ANXA1, LCN2 and S100A8. Sections of tumour specimen, characterized as well-differentiated SCCs, were hybridized with 35 S-labelled antisense riboprobes derived from corresponding cDNA fragments. Following counterstaining with haematoxylin and eosin, sections were photographed under bright field conditions. Expression of genes was detectable in keratinocytes within the tumour area (d-f) but not in the adjacent 'normal' skin (a-c).
35
S-labelled sense riboprobes were used as control for specificity (g-i). Scale bar ¼ 50 mm. Figure 6 Reduced expression of NDR2 protein in human skin tumours. NDR2 protein expression was studied by immunofluorescence analysis and was detectable in keratinocytes of normal skin (a, red signal), but not in SCC (b) or normal skin incubated without the anti-NDR2-specific antibody (c). H33342 was used for nuclear staining (blue signal). Scale bar ¼ 50 mm.
Tumour-associated genes in cutaneous SCC development L Hummerich et al be involved in neoplastic transformation and tumour development in vivo. In line with this notion, recent studies have shown that the AP-1 family member Fra-1 (Fosl1) is essential for efficient neoplastic transformation of keratinocytes (Young et al., 2002) , whereas expression of the membrane-bound metalloproteinase Adam8 was recently correlated with lung cancer (Ishikawa et al., 2004) . Coregulation of genes exposed by the SOM algorithm provides a basis for the identification of new concepts of transcriptional regulation and important transcription factors necessary for tumour promotion and progression into malignant tumour stages. Studies in recent years yielded important insights into the pathways and transcription factors that control the rate-limiting steps in multistage skin carcinogenesis. As an example, in vitro and in vivo model systems revealed a pivotal role of AP-1 in skin cancer induction as well as progression into malignant stages (Young et al., 2003) . However, it is likely that the in vivo specificity of cellular gene activation is greatly influenced by combinatorial protein-protein interactions with other promoter-bound factors. Detailed analysis of regulatory elements within the promoter and enhancer regions of genes present in our cluster will not only result in the identification of novel target genes, but will also broaden our current understanding of the role of AP-1 and other transcription factors in tumorigenesis. Indeed, numerous genes (e.g., Fosl1, Itga5, Mmp9, Mmp13 and TnC) present in clusters 3.1 and 3.2 are well known AP-1 target genes (Angel et al., 2001) or share at least one potential AP-1-binding site in their proximal enhancer region (Hess J, unpublished data). It will be interesting to investigate, whether some of these genes are novel AP-1 target genes and whether they are causally involved in oncogenic transformation mediated by Fos and Jun proteins.
It has been postulated that coregulated genes exhibit similar functions and are often arranged in the same signalling pathway or functional network. Therefore, SOM analysis combined with functional classification further provides the possibility to gain information on functional concepts of multistage epithelial cancer development. As expected, TPA-induced genes could be classified into defence-and immune response as well as regulation of signal transduction control that is in agreement with the well-known induction of hyperplasia and inflammation in response to TPA treatment on mouse back skin. In benign tumours, we observed a transient upregulation of genes involved in induction and regulation of apoptosis. Although this observation opposed the current concept of apoptosis in preventing the survival of malignant cells, our data comply with a positive correlation between tumour progression and the presence of apoptotic cells that has been found in the process of squamous cell carcinogenesis . It has been postulated that epithelial cells in skin tumours, generated by chemical carcinogenesis, maintain the capacity to undergo apoptosis and that the presence of apoptotic cells in advanced PAPs could be an indication of endogenous mutagenic activity and high genomic instability. Thus, we conclude that in our chemical-induced SCC proliferation and expansion, rather than apoptosis inhibition, mainly contribute to malignancy. According to this concept, we found an obvious increase of genes associated with cell cycle regulation during tumour progression. However, we cannot formally exclude the possibility that induction of the apoptotic pathway is causally involved in the low potential of the majority of PAPs to convert into carcinomas. Accordingly, one could also speculate that apoptosis is suppressed in those few PAPs that have a high tendency to progress into malignant tumours.
Our data also confirm the important role of altered cell adhesion, integrin-mediated signalling and extracellular proteolysis for epidermal tumour formation (Arias, 2001; Cavallaro et al., 2002; Bogenrieder and Herlyn, 2003) . Some of the induced proteases, such as the metalloproteinase Mmp9, Mmp13 and Mmp14, are well accepted to enforce invasive growth, metastasis and tumour angiogenesis and it will be a challenge for the future to elucidate the potential role of the membranebound metalloproteinase Adam8, which has been found to be coregulated, in these processes. In this regard, it is worthwhile to mention that Adam8 has been discussed to be a useful diagnostic marker for lung cancer and probably a therapeutic target (Ishikawa et al., 2004) .
Finally, enhanced mRNA levels of tumour-associated genes, such as ANXA1, LCN2, S100A8 and impaired expression of NDR2 in human SCC tissue sections support our idea that individual genes but also clusters of coregulated genes identified in the experimental model of mouse skin carcinogenesis have a great relevance to neoplastic transformation of human epithelial cells. In line with this assumption, enhanced levels of ANXA1 were detected in lung and oral SCCs (Leethanakul et al., 2000; Petroziello et al., 2004) and LCN2 was highly expressed in hepatocellular carcinomas (Patil et al., 2005) . Moreover, recent analysis of cancer-related genes with increased mRNA abundance in common human malignancies revealed significant transcriptional activation on human chromosome 1q21, also known as epidermal differentiation cluster (Glinsky et al., 2003a, b) . Many genes identified by our approach, such as members of the S100 and SPRR protein families, represent the mouse homologues of human genes that are clustered on 1q21. In contrast, analysis of oesophageal SCC using cDNA-microarray technology demonstrated a significant downregulation of S100 and SPRR family members (Luo et al., 2004) , whereas altered expression of cell-adhesion molecules, MMPs and some oncogenes, such as Ccnd1, Myc and Fra-1, are in accordance with our data (Hu et al., 2001a, b; Nair et al., 2005) . These findings argue for some common alterations, but also obvious differences in the pathogenesis of oesophageal SCC and carcinogenesis of the skin. Altered expression of integrins and MMPs is also a hallmark for other SCCs derived from oral (Mendez et al., 2002; Nagata et al., 2003; Tsai et al., 2004) , hypopharyngeal (Cromer et al., 2004) , lung (Gogali et al., 2004; Kettunen et al., 2004) and cervical epithelium (Chen et al., 2003) . Future confirmation at the protein level and functional analysis of the identified genes in tissue culture Tumour-associated genes in cutaneous SCC development L Hummerich et al and animal model systems will be required to define the individual roles that the identified genes play in tumour initiation, promotion and progression.
Materials and methods
Animal work and sample preparation All procedures for performing animal experiments were carried out concordant to the principles and guidelines of the ATBW (officials for animal welfare). The dorsal skin of C57BL/6 and NMRI mice was treated with TPA as described (Breitenbach et al., 2001) . Skin tumours derived from female NMRI mice were generated according to the initiation-promotion protocol of chemically induced multistage carcinogenesis (Furstenberger and Kopp-Schneider, 1995) . Total RNA was isolated from acetone-treated control skin, 6 h TPA-treated dorsal skin, persistent PAP prepared 2 weeks following the last TPA application, SCC and the corresponding age-and sex-matched controls (Co_PAP and Co_SCC). Skin biopsies from patients with well-differentiated SCC were obtained from surgical excisions of the affected areas at the Department of Dermatology, University of Cologne. The patients signed the informed consent from the Department of Dermatology, University of Cologne, approved by the Institutional Commission of Ethics (Az. 9645/96). Procedures of mRNA isolation and labelling were described previously .
cDNA microarrays RNA from back skin of three different control-or TPAtreated animals was pooled in order to correct for individual gene expression variations. A mixture of pooled tumour lesions of DMBA/TPA-treated back skin derived from three independent animals (X3 PAPs per mouse and X2 carcinomas per mouse) was used for RNA preparation to have a good coverage of the different types of genetic alteration that occur during multistage skin carcinogenesis. mRNA samples were hybridized on two different types of microarrays comprising mouse gene-specific cDNA fragments, (i) 20k ArrayTAGt collection (LION Bioscience) and (ii) 15k cDNA clone set from the NIA kindly provided by Steve Scherer (Toronto). The 15k microarray contained 15 267 'unique' cDNA clones that were derived from pre-and peri-implantation embryos, E12.5 female gonad/mesonephros and newborn ovary. Up to 50% of these clones were originated from novel genes expressed during mouse embryogenesis with an average insert size of 1.5 kb (Ko et al., 2000) . In addition to the genes that were uniquely expressed in early mouse development, nearly 7500 show significant homology to known genes (Kargul et al., 2001) . The 20k ArrayTAGt included 20 172 sequence-verified cDNA clones (comprising about 10 000 annotated genes) with an average insert size of 200-600 bp. All clones were proved for the absence of repetitive elements and low-complexity regions. For each clone, PCR amplification was performed as described in Tanaka et al. (2000) and Schlingemann et al. (2003) . After purity and quantity analysis by electrophoresis, the PCRgenerated DNA fragments were precipitated and dissolved in spotting buffer containing 3 Â SSC and 1.5 M betaine (Diehl et al., 2001) . The clones were spotted on Nexteriont Slide E (Schott Nexterion) together with positive control spots from the Spot Report Systemt (Stratagene) as well as a variety of additional negative controls, for example, mouse C0t-1 DNA (Invitrogen), yeast tRNA (Sigma-Aldrich) and poly-dA (Amersham Biosciences). Furthermore, Cy3-and Cy5-labelled DNA was included to yield specific fluorescent landmarks on the arrays. The further procedures of microarray processing and hybridization were the same as described in Wrobel et al. (2003) .
Data acquisition, preprocessing and analysis All data sets for spots not recognized by the GenePixPro analysis software were excluded from further considerations. The remaining data sets were ranked according to spot homogeneity (as assayed by the ratio of median and mean fluorescence intensities), ratio of spot-to-local-background intensity and the variance of the logarithmic ratios of replicates. For each hybridization the intensities were normalized by variance stabilization (Huber et al., 2002) to reach a homogenous distribution of the variance for all intensity values of an experimental series. Accurate differential expression values for each gene were obtained by calculating the average of normalized ratios of replicate experiments after reversing the values obtained in the respective colour switch experiment. Data sets representing differentially expressed genes were selected applying the following criteria: (i) valuable data must be obtained in at least two independent experiments, (ii) mean intensities range significantly (at least 10-fold) above background and (iii) mean of normalized natural logarithmic ratios (ln-ratio) higher/lower than 71 (meaning differential expression of more than 72.71-fold in a linear scale).
Validation of microarray data ISH and immunofluorescence analysis were performed with paraformaldehyde-fixed and paraffin-embedded sections of mouse and human skin tumours (6 mm) as described previously (Breitenbach et al., 2001; Schlingemann et al., 2003; Gebhardt et al., 2005) . The polyclonal goat-anti-NDRG2 (E20) antibody (sc 19468, Santa Cruz) was used to detect Ndr2 protein on tumour sections by immunofluorescence analysis. The same RNA samples used for chip hybridization were also applied to semiquantitative RT-PCR following the protocols as described previously . The mouse keratinocyte cell lines with different tumorigenic potential in vivo are described in Strickland et al. (1988) , Krieg et al. (1991) , DiazGuerra et al. (1992) and Rennecke et al. (1999) . Oligonucleotide sequences and sequences of ISH probes are available upon request.
Clustering of coregulated genes and functional classification Clustering via SOM was conducted using GeneSpring s software version 6.1 (Silicon Genetics). SOM is a nonhierarchical clustering technique similar to k-means clustering, which, in addition to dividing genes into groups based on expression patterns, illustrates the relationship between groups by arranging them in a two-dimensional map. Here, we applied a 4 Â 3-SOM matrix with a radius of 1.0 and an iteration number of 100 000. The gene lists of each cluster are available as supplementary data at http://www.dkfz.de/molgen/div/hummerich. EASE analysis (http://david.niaid.nih.gov/david/ease.htm) was either performed with sets of genes showing induced or repressed expression levels in TPA-treated skin, PAPs or SCC, or with sets of genes derived from distinct SOM clusters. Most significant categories (biological process) and corresponding genes within the SOM clusters are available as supplementary data at http://www.dkfz.de/molgen/div/hummerich. 
